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T h e ne w e ngl a nd jou r na l o f m e dicine A lthough hypertrophic cardiomyopathy is best known as a fatal disease of young athletes, it causes considerable morbidity and mortality among patients of all ages and lifestyles.
1,2 The defining feature of hypertrophic cardiomyopathy is unexplained left ventricular hypertrophy, but its clinical presentation is variable; it can manifest as severe heart failure in some patients yet be asymptomatic in others. 3 In more than one third of patients, causal genetic lesions are identified, which enables clinicians to assess risk among the patient's relatives 4 and, in rare circumstances, to tailor therapy for a patient who is found to have a tractable disorder, such as Fabry's disease. 5 In addition, in patients who have clinical features but who do not have a definitive diagnosis of hypertrophic cardiomyopathy, the identification of a pathogenic variant may be used to help establish a diagnosis.
The provision of false genetic information to a patient, such as when a patient is incorrectly informed that one of his or her variants is causal when in fact it is benign, can have farreaching adverse consequences within the family. First, relatives with the noncausal variant receive prolonged at-risk screening, are advised about lifestyle modifications (e.g., cessation of certain sports and activities), and may have stress and economic burden consequent to an incorrect diagnosis. Second, relatives who do not have the noncausal variant are given false reassurance that further surveillance is unnecessary. Third, for patients with clinical features but without a definitive diagnosis of hypertrophic cardiomyopathy, such as young athletes with modest hypertrophy and a family history of sudden cardiac death, misclassification of a benign variant as pathogenic may lead to overestimation of the benefits of implantation of a cardioverter-defibrillator to prevent sudden cardiac death. In addition, when the status of a variant is changed from pathogenic to benign, the sequencing laboratory often (but not obligatorily) recontacts the referring physician, who in turn recontacts the patient and their tested family members, engendering confusion and distrust.
Much effort has gone into developing standards for the correct interpretation of genetic variants.
6-10 The principal challenge is to separate truly pathogenic variants from the historically underappreciated amount of background variant noise in the genome. 8, 11 Expert guidelines generally recommend classifying variants with the use of sequence data from ancestry-matched controls. 4, 6 When large-scale control sequence data from the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project 12 were systematically reviewed for hypertrophic cardiomyopathy-associated variants labeled "diseasecausing" or "pathogenic" in an expert-curated database, 13, 14 many more variants were found than were expected in the general population (given the prevalence of hypertrophic cardiomyopathy), which implied that penetrance might have been lower than previously thought or that misclassification errors might have been present in previous studies of the association between the variants and the condition. We found that five high-frequency variants (i.e., variants with a minor-allele frequency >1% in either black Americans or white Americans in the Exome Sequencing Project) accounted for the majority of this overabundance of misclassified variation and that these variants occurred disproportionately among black Americans.
We hypothesized that the identification of high-frequency variants associated with hypertrophic cardiomyopathy in the general population would indicate the presence of historical errors in patient reports and that most or all persons affected would be of African ancestry. We further posited that these variant associations stemmed from ascertainment bias and other methodologic shortcomings in the original studies. To test these hypotheses, we searched patient records for occurrences of these variants at an established genetic testing laboratory and reviewed the literature implicating the variants. We describe here a cautionary tale of broad relevance to genetic diagnosis. Although this tale is well known to geneticists, clinicians may be less familiar with it.
Me thods

Study Populations
We used publicly accessible sequence data from the NHLBI Exome Sequencing Project, 12 1000 Genomes Project, 15 and Human Genome Diversity Project. 16 For the estimation of minor-allele frequency, the NHLBI Exome Sequencing Project had exome data for 4300 white Americans and 2203 black Americans, the 1000 Genomes Project phase 1 had whole-genome data for 1092 persons from 14 populations worldwide, and the Human Genome Diversity Project had wholegenome single-nucleotide polymorphism (SNP) data for 938 persons from 51 populations worldwide. Clinical records for patients with hypertrophic cardiomyopathy were reviewed at the Laboratory for Molecular Medicine, Partners HealthCare, Boston. This population has been described in detail previously. 17 All patient reports that originally included a variant status of "pathogenic," "presumed pathogenic," "unknown significance," or "pathogenicity debated" were included in the analysis (Table 1) . Demographic data were acquired from the genetic-testing requisition form. The Laboratory for Molecular Medicine patient population, which included patients who were referred to the laboratory for testing, was a mixed population of 64% white American patients and 8% black American patients, with the remaining patients of other or unspecified ancestry. 17 This study was conducted in accordance with a protocol that was approved by the institutional review board at Partners HealthCare, which waived the requirement for informed consent.
Ascertainment of Variants
Using PubMed, we performed a targeted search for initial disease-variant associations for all high-frequency variants associated with hypertrophic cardiomyopathy in the medical literature. All Human Genome Variation Society names for the variants (e.g., K247R and Lys247Arg) were used, as well as all possible transcript variants obtained from the National Center for Biotechnology Information SNP database (dbSNP), build 140. 18 All original reports of disease-variant associations were in agreement with those listed in the Human Gene Mutation Database Professional Version 2016.1.
14 High-frequency variants associated with hypertrophic cardiomyopathy were defined as variants with a minor-allele frequency greater than 1% in either NHLBI subpopulation. The "penetrance" of a genetic variant was defined as the proportion of persons with the variant who had hypertrophic cardiomyopathy.
Statistical Analysis
P values were computed with the chi-square test and Mann-Whitney U-test. The Human Genome Diversity Project Selection Browser 19 was used to display allele frequencies in worldwide populations. Unless otherwise specified, all analyses were performed with the R statistical package, version 3.2.1. 20 
R esult s
Hypertrophic Cardiomyopathy Gene Variation in the General Population
The NHLBI Exome Sequencing Project has previously been searched for any variant labeled a "Disease causing mutation" for hypertrophic cardiomyopathy in the Human Gene Mutation Database, version 2012.2. 13, 14 Although 94 distinct variants that had previously been characterized as associated with hypertrophic cardiomyopathy were found in the Exome Sequencing Project data, we found that relatively few variants accounted for the bulk of the genotype prevalence signal (Fig. 1A) . Of the 94 Human Gene Mutation Database hypertrophic cardiomyopathyassociated variants identified in the Exome Sequencing Project data, 5 met our threshold for being classified as high-frequency variants (minorallele frequency of >1% in either NHLBI subpopulation), and these variants accounted for nearly 75% of the overall genotype prevalence signal.
High-Frequency Variants Associated with Hypertrophic Cardiomyopathy in Black Americans
All five high-frequency variants associated with hypertrophic cardiomyopathy had significantly greater frequencies among black Americans than among white Americans in the NHLBI Exome Sequencing Project data set (P<0.001 for each comparison by the chi-square test) (Fig. 1B) . The minor-allele frequencies for these five variants ranged from 1.5 to 14.9% among black Americans, from 0.01 to 1.5% among white Americans, and from 0.5 to 6.0% in the combined population. The genotype frequency, defined as the number of persons with at least one copy of the minor allele divided by the total number of persons, ranged from 2.9 to 27.1% among black Americans, from 0.02 to 2.9% among white Americans, and from 1.0 to 11.1% in the combined population. The summed genotype frequency of the remaining 89 variants did not differ significantly between black Americans and white Americans.
Penetrance of High-Frequency Variants Associated with Hypertrophic Cardiomyopathy in Black Americans
We computed the penetrance for each variant across several clinical contexts ( text of this article at NEJM.org). Because hypertrophic cardiomyopathy is rare in the general population, with a prevalence of 1 case in 500 persons, 2 even variants with a minor-allele frequency as low as 1% have a theoretical maximal penetrance of 0.2; however, the penetrance is probably much lower, given the high allelic heterogeneity of hypertrophic cardiomyopathy 4 and the fact that most alleles are probably benign. Even if the TNNT2 K247R variant were present in all black Americans with hypertrophic cardiomyopathy (which is certain not to be the case), K247R would have a penetrance of less than 1%. Penetrance may take on rather different values in other clinical contexts. It is notable that for first-degree relatives, benign high-frequency variants may have high apparent penetrance owing to the high prior probability of disease in this population.
Classification of High-Frequency Variants Associated with Hypertrophic Cardiomyopathy
Applying the clinical classification algorithm in use at the Laboratory for Molecular Medicine, Partners HealthCare Personalized Medicine, 9 we classified all high-frequency variants unambiguously as "benign," given their high frequency in control populations and given the mix of patient and functional data available for these variants. In contrast, in the Human Gene Mutation Database database, version 2016.1, four of the five variants remain classified in the most pathogenic category, "disease-causing mutation." Only one variant (OBSCN R4344Q) was downgraded from "disease-causing" to "disease-causing?" (in September 2012).
Benign Variants Misclassified as Pathogenic in Genetic Reports
Seven patients, all of African or unspecified ancestry, received reports between 2005 and 2007 that they had one of two variants, TNNI3 P82S or MYBPC3 G278E, that were classified as "pathogenic" or "presumed pathogenic" (Table 1) ; these variants were later reclassified as benign. In five of the seven reports, P82S or G278E was the most pathogenic variant reported to the patient. Six additional patients with inconclusive or positive genetic-testing results that were reported later were listed as having one of these two variants, which were characterized as being of "unknown significance" or "pathogenicity debated." Among the 13 patients, 9 had a clinical diagnosis of hypertrophic cardiomyopathy, 2 had clinical features of hypertrophic cardiomyopathy, and 1 had clinical symptoms of hypertrophic cardiomyopathy. Five of the 13 patients had a documented family history of hypertrophic cardiomyopathy. From the records available, it was not possible to determine whether the families affected by the reclassification of these variants were recontacted. Panel A shows variants associated with hypertrophic cardiomyopathy that are overrepresented in the general population. The five highest-frequency variants account for 74% of the misclassified variation in the general population. Panel B shows the minor-allele genotype frequencies for high-frequency variants associated with hypertrophic cardiomyopathy; all variants are significantly more common among black Americans than among white Americans (P<0.001 by the chi-square test for all five variants). Copyright © 2016 Massachusetts Medical Society. All rights reserved.
T h e ne w e ngl a nd jou r na l o f m e dicine
Sample Sizes and Representativeness of Original Studies
All high-frequency variants were examined for their initial association in the medical literature (Table 2) . [21] [22] [23] [24] [25] In the initial studies of TNNI3 P82S and MYBPC3 G278E, the control sample sizes were 85 and 100, respectively, which are below and equal to, respectively, the minimum currently accepted (but probably still inadequate) standard needed to corroborate pathogenicity. 4 Furthermore, none of the studies implicating these variants involved persons of African ancestry explicitly; however, several studies might have involved sequencing or genotyping of persons of African ancestry during the discovery stage (Table 2 ). In general, the original study that established the association between a variant and hypertrophic cardiomyopathy consisted of three steps. First, a handful of genes previously connected with hypertrophic cardiomyopathy were sequenced in DNA samples obtained from patients with hypertrophic cardiomyopathy. Second, the discovered variants were examined in ostensibly ancestry-matched unrelated controls and, when available, in family members of the patients. Third, functional analyses were conducted in a subset of studies to assess the mechanism by which the variant may cause disease.
Variation in MYBPC3 and TNNI3 among Black Americans
We used the data from the 1000 Genomes Project to compare sequence variation between black Americans and white Americans, using as proxies the ASW (African Ancestry in Southwest USA) and CEU (Utah Residents [CEPH] with Northern and Western European ancestry) populations, respectively. As shown in Figure 2A and 2B, black Americans harbored significantly more segregating loci (i.e., variable genomic sites within a population) in both genes than did white Americans. These "private sites," at which the frequency of the nonreference allele (i.e., the allele that is not present in the reference sequence of the human genome) is nonzero in one population but zero in the other population, are shown in Figure 2A and 2B. For MYBPC3, there were 66 private sites in the ASW population and 15 private sites in the CEU population; for TNNI3, there were 45 private sites in the ASW population and 6 private sites in the CEU population.
Reducing the Risk of False Positives with Genetically Diverse Populations
As shown in Figure 2C , even small studies of diverse populations are comparatively well-powered to avoid misclassification of the five high-frequency . Each point represents a distinct variant. There are significantly more private sites (sites for which the nonreference-allele frequency is nonzero in one population but zero in the other population) among black Americans (nonreference-allele frequency, 0% in CEU and >0% in ASW, with ASW private sites shown in orange) than among white Americans (nonreference-allele frequency, 0% in ASW and >0% in CEU). Panel C shows the chance of correctly ruling out pathogenicity for a truly benign variant that is found predominantly in one ancestry group; the probability generally increases with the fraction of the control cohort that is made up of that ancestry group and with the number of controls (numbers of control chromosomes are shown in the key). These simulations use the allele frequencies of the MYBPC3 G278E variant, which has a minor-allele frequency of 0.0157 among black Americans and 0.000122 among white Americans. Panel D shows a map of TNNT2 allele frequencies; the K247R variant of TNNT2 (rs3730238 in dbSNP) was genotyped in the Human Genome Diversity Project. Most populations around the world have a nonzero minor-allele frequency. variants associated with hypertrophic cardiomyopathy. Conservatively, we used the lower-frequency variant of the two that were misclassified in patients (MYBPC3 G278E; minor-allele frequency, 0.0157 in black Americans and 0.000122 in white Americans). At these frequencies, even if black Americans constituted just 10% of the control cohort, we would have a 50% chance of correctly ruling out pathogenicity with a control cohort of only 200 persons. We documented the way in which the hypertrophic cardiomyopathy-associated high-frequency variants could be studied in worldwide populations (Fig. 2D, and Table S1 in the Supplementary Appendix). For example, the highest-frequency hypertrophic cardiomyopathy variant (TNNT2 K247R) was a locus in the Human Genome Diversity Project 16 ( Fig. 2D) and has a nonzero minor-allele frequency in many worldwide populations. Table 3 shows the probability of ruling out pathogenicity for truly benign variants with the use of several sequencing resources that have been in use for the past several years. For example, using the 1000 Genomes Project population Mexican Ancestry from Los Angeles (MXL), which consists of 66 persons, we have only a 48% chance of ruling out pathogenicity when the minor-allele frequency is 0.5%. If the minorallele frequency is 0.1%, such as for a rare variant discovered by high-coverage exome sequencing, the probability of ruling out pathogenicity is only 12% when the MXL population is used. In contrast, if new variant association studies use a resource like the recently created Exome Aggregation Consortium database, 26 they are wellpowered for ruling out pathogenicity even for rarer variation.
Errors from a Paucity of Diverse Control Data
Discussion
We hypothesized that genetic variants that are common among black Americans had previously been misclassified in patients undergoing genetic testing for hypertrophic cardiomyopathy. We identified multiple persons, all of African or unspecified ancestry, who had received positive reports that were based on misclassified benign variants. Such misclassifications invalidate risk assessments undertaken in relatives, requiring a chain of amended reports and management plans. Our findings suggest that false positive reports are an important and perhaps underappreciated component of the "genotype-positivephenotype-negative" subgroup of tested persons. 27 These findings show how health disparities may arise from genomic misdiagnosis. Disparities may result from errors that are related neither to access to care nor to posited "physiological differences" but, rather, to the historical dearth of control populations that include persons of diverse racial and ethnic backgrounds. Future work is needed to assess the extent to which this pattern holds across other variants, types of misclassifications, and diseases. Minimizing misclassifications by sifting through genomic noise for causal variants is closely related to assessing penetrance, the proportion of persons with the variant who have the disease. However, estimating penetrance is often difficult because it is sensitive to clinical context (Fig. S1 in the Supplementary Appendix) and because many studies are designed for the discovery of variants rather than for an unbiased estimation of true effect sizes, a pattern that is not limited to hypertrophic cardiomyopathy. 28 This approach is due, in part, to historically limited sequencing data. Fortunately, several large-scale sequencing efforts are mitigating this aspect of the variant annotation challenge, 12, 15 although they are also introducing an unprecedented scale of novel variants and genes to consider.
8, 29 Even when penetrance cannot be computed precisely, we may still be able to determine the penetrance to within a certain range in order to infer that a variant is benign, given a sufficiently high minor-allele frequency in the general population. 9 Although the NHLBI Exome Sequencing Project is a powerful resource in its supply of exome sequence data for black Americans and white Americans, analyses using similar resources for genomic data from Native Americans and Asian Americans are urgently needed (Table 3) . Large-scale sequencing resources such as the NHLBI Exome Sequencing Project and the Exome Aggregation Consortium not only are wellpowered to "rule out" benign variants and reduce false positives (Fig. 2C ), but they also allow pathogenicity to be corroborated for truly pathogenic variants (i.e., they help "rule in" variants in addition to reducing false negatives). Indeed, sequencing data from diverse populations are necessary to find ancestry-specific pathogenic variants. 30 In addition, sequencing data from diverse populations have been used successfully in "admixture mapping" to find risk loci by detecting deviations in local ancestry. 31 Large-scale sequencing data from the general population also enable systematic reassessments of previous disease-variant associations. 13, 32, 33 For the interpretation of variants in hypertrophic cardiomyopathy, expert guidelines generally recommend the use of ancestry-matched controls. 4 However, an insistence on using only ancestrymatched controls may delay proper annotation if the matching is imperfect. As an example, consider MYBPC3 G278E, a high-frequency hypertrophic cardiomyopathy-associated variant that was first discovered in a Parisian cohort, 24 was also identified in subsequent studies, 34 and was misclassified in several persons of African ancestry (Table 1) . We were able to verify that although most of the patients in the original study were of European origin, 24 the sample also included patients of African ancestry (Richard P: personal communication). If only or primarily persons of European ancestry were included in the control sample in the original study or in follow-up studies, analyses would be underpowered to classify the variant as nonpathogenic (Fig. 2C) . These findings suggest how current guidelines might be extended: sequencing data from diverse ancestry groups may be used to refute the possibility that novel variants are pathogenic, as well as to reevaluate the status (with respect to pathogenicity) of known variants.
9, 35 We believe that with several steps, care could be improved going forward. First, sequencing data from diverse populations could be used to evaluate novel variants and reevaluate known variants. Second, if researchers and genetic testing laboratories adopted a probabilistic framework by computing relative risks explicitly, the confusion in pathogenicity assessments would probably be reduced. Third, reevaluation of the fragmented literature regarding disease variants depends on continued data-sharing and standardization of reporting, which are the aims of centralized databases like ClinVar. 36 In line with President Barack Obama's Precision Medicine Initiative, we support the development of an information commons 37 that stores deidentified genetic-testing results from patients and their family members. 38 This effort would show the value of responsible data sharing, as detailed in a recent Institute of Medicine report. 39, 40 Finally, as variant annotations are updated, agile clinical systems would ideally make this information available in near-real time to physicians and genetic-testing laboratories. 41 Many physicians ex- 
